The riboflavin producer Ashbya gossypii is a filamentous hemiascomycete, closely related to the yeast Saccharomyces cerevisiae, that has been used as a model organism to study fungal developmental biology. It has also been explored as a host for the expression of recombinant proteins. However, although N-glycosylation plays important roles in protein secretion, morphogenesis, and the development of multicellular organisms, the N-glycan structures synthesised by A. gossypii had not been elucidated. In this study, we report the first characterization of A. gossypii N-glycans and provide valuable insights into their biosynthetic pathway. By combined matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass spectrometry profiling and nuclear magnetic resonance (NMR) spectroscopy we determined that the A. gossypii secreted N-glycome is characterized by high-mannose type structures in the range Man 4-18 GlcNAc 2 , mostly containing neutral core-type N-glycans with 8-10 mannoses. Cultivation in defined minimal media induced the production of acidic mannosylphosphorylated N-glycans, generally more elongated than the neutral N-glycans. Truncated neutral N-glycan structures similar to those found in other filamentous fungi (Man 4-7 GlcNAc 2 ) were detected, suggesting the possible existence of trimming activity in A. gossypii. Homologs for all of the S. cerevisiae genes known to be involved in the endoplasmatic reticulum and Golgi N-glycan processing were found in the A. gossypii genome. However, processing of N-glycans by A. gossypii differs considerably from that by S. cerevisiae, allowing much shorter N-glycans. Genes for two putative N-glycan processing enzymes were identified, that did not have homologs in S. cerevisiae.
Introduction
Ashbya gossypii is a pre-whole genome duplication hemiascomycete 1 that has long been known in the scientific and industrial communities, first as a cotton pathogen and subsequently as a riboflavin overproducer. 2, 3 It grows exclusively in a filamentous way, but has the smallest free living eukaryotic genome known, which shares a high degree of gene homology and gene order conservation with that of Saccharomyces cerevisiae.
1
The similarities of A. gossypii to both yeast and filamentous fungi, its small genome, haploid nuclei, and ease of genetic manipulation led to expanded interest in this organism beyond riboflavin production. Over the past two decades A. gossypi has been used as a model organism to study the biological processes and regulatory mechanisms that govern the differences between filamentous and yeast growth. 3, 4 Recently, it has also been considered as a host for the expression of recombinant proteins. 5 Sustained polarized hyphal growth and generally high secretion capacity are typical features of filamentous fungi that distinguish them from yeast. Interestingly, although its secretory pathway remains poorly characterized, there is evidence that the level of protein secretion in A. gossypii is more similar to that of yeast than to that of other filamentous fungi. 5 In eukaryotes, proteins destined for the secretory pathway are targeted to the endoplasmatic reticulum (ER), where they are folded and can undergo post-translational modifications. They are then transferred to the Golgi apparatus, where they undergo further processing before being delivered to the plasma membrane for exocytosis by vesicles of the distal secretory system. 6, 7 In filamentous fungi this is a highly polarized process, which takes place mainly at hyphal tips through intricate mechanisms as yet not fully understood. [6] [7] [8] Recently, the importance of protein glycosylation in the polarized biosynthetic sorting of proteins and filamentous growth has become increasingly evident. [9] [10] [11] [12] Glycosylation is a post-translational modification that strongly influences protein folding, secretion, cellular localization, and biological activity. 13 It involves the covalent attachment of one or more carbohydrates (glycans) to a protein, providing a means to enhance its structural and functional diversity. In most cases, the attachment is to an asparagine residue (within the sequence Asn-X-Ser/Thr, where X denotes any aminoacid except proline) in a process termed N-glycosylation. The early stages of N-glycan processing within the ER are highly conserved among eukaryotes, whereas the further trimming and elongation of the core structures made in the ER differ remarkably between species and even between individual proteins within a single species or cell type.
14 N-Glycosylation has been well studied in several biotechnologically important yeast and filamentous fungi, mostly in those with potential as recombinant protein producers, as the type of sugars that compose the N-glycans, along with the extent and structure of these polymers greatly affects the production, stability, and bioactivity of recombinant glycoproteins. 15, 16 Fungal N-glycans are mainly composed of mannosyl residues (high-mannose type), although additional residues, such as N-acetylglucosamine, glucose, galactose, xylose, fucose, pyruvate, or phosphate may also be found in some species. 15, [17] [18] [19] [20] Yeast often specialize their high-mannose N-glycans further by extending them into large hypermannosylated outer chains. 17 In contrast, although there are reports pointing to the occurrence of hypermannosylated Nglycans in specific strains, filamentous fungi most often synthesize small high-mannose type N-glycans. 15, 18 Although no information is available on the composition and structural characteristics of A. gossypii N-glycans, Ribeiro et al. 5 suggested that they may be less extensively glycosylated than S. cerevisiae glycans. The mannosyltransferase Och1 protein is the key enzyme for the synthesis of hypermannosylated outer chains in yeast and filamentous fungi. Recent findings suggest a link between filamentous growth and Och1 proteins having a signal peptide. 10 Of particular interest is the putative Och1 protein of A. gossypii that, although being highly homologous to its S. cerevisiae counterpart, was predicted to have an N-terminal signal sequence like that found in other filamentous fungi rather than an N-terminal membrane anchor, as predicted for yeast Och1 proteins. 10 Considering the unique characteristics of A. gossypii and that, to our knowledge, no information was available on the N-glycan structures synthesized by this fungus, we undertook a global analysis of the N-glycans attached to its secreted glycoproteins by matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass spectrometric profiling and nuclear magnetic resonance (NMR) spectroscopy. Here, we report the first characterization of A. gossypii N-glycan structures, including culture medium-and cultivation stage-specific N-glycan profiles, to provide an enriched context for assessing overall N-glycosylation heterogeneity in A. gossypii.
Materials and methods

Strain, media, and culture conditions
The strain used in this study was A. gossypii ATCC 10895, kindly provided by Prof. P. Philippsen (Biozentrum, University of Basel, Switzerland . Culture supernatants were collected by filtration and stored at À20°C until further use. For dry weight determination, mycelia were harvested from 5 mL of fermentation broth by filtration through disks of disposable cleaning cloth (Xtra), washed with 2 sample volumes of distilled water and dried to a constant weight at 100°C. Triplicate samples were taken for all biomass measurements.
Preparation of N-glycans for MALDI-TOF mass spectrometry
The protein content of the culture supernatants collected during exponential (Biomass: 1.9 g/L for DMM and 2.9 g/L for CRM), early stationary (Biomass: 5.5 g/L for DMM and 7.6 g/L for CRM) and late stationary (Biomass: 5.7 g/L for DMM and 8.1 g/L for CRM) phases was determined by the Bradford protein assay (Bio-Rad, USA) and 500 lL of each sample (5-45 lg of total protein) was taken for mass spectrometry N-glycan profiling. Samples of the culture media alone were also analyzed. N-Glycans were detached from the secreted glycoproteins by Flavobacterium meningosepticum peptide: N-glycosidase F (PNGase F; Prozyme, USA) digestion and purified by organic extraction-precipitation and miniaturized solid-phase extraction steps as described by Hemmoranta et al. 24 
Mass spectrometry
MALDI-TOF mass spectrometry was performed on a Bruker Ultraflex III TOF/TOF instrument (Bruker Daltonics, Germany) as previously described. 24 Neutral N-glycans were detected in positive ion reflector mode as [M+Na] + ions and acidic N-glycans were detected in negative ion reflector mode as [MÀH] À ions. The software FlexAnalysis 3.3 (Bruker Daltonics, Germany) was used for analysis of the mass spectra. Relative molar abundances of neutral and acidic glycan components were assigned based on their relative signal intensities in the mass spectra when analyzed separately as the neutral and acidic N-glycan fractions. The presented glycan profiles were extracted from the resulting signal lists by removing the effect of isotopic pattern overlapping, multiple alkali metal adduct signals, products of elimination of water from the reducing oligosaccharides, and other interfering mass spectrometric signals not arising from the original glycans in the sample. The resulting glycan signals in the presented glycan profiles were normalized to 100% to allow comparison between samples. 24 
Preparation of N-glycans for NMR analysis
Approximately 750 mL of DMM culture supernatant was collected during late stationary phase by filtration and concentrated under vacuum in a RapidVap Ò N2/48 Evaporation System (Labconco Corporation, USA) to a final volume of 40 mL. Subsequently, the proteins were precipitated overnight at À20°C with 2 volumes of ice-cold acetone containing 10% (v/v) trichloroacetic acid. The pellet was washed twice with ice-cold acetone, dried at room temperature and redissolved with 8 mL of 20 mM sodium phosphate buffer, pH 7.3. Proteins (100 mg) were denaturated in 50 mL polypropylene tubes by heating at 100°C for 5 min in the presence of 0.1% (w/v) sodium dodecyl sulfate and 1% (v/v) 2-mercaptoethanol. After addition of 0.75% (v/v) Nonidet P-40 and 2 U/mL of PNGase F (Roche, Germany), N-glycans were released from the glycoproteins by digestion at 37°C for 48 h. Glycans were extracted by selective organic procedures essentially as previously described. 25 Briefly, proteins and glycans were precipitated with 4 volumes of ice-cold acetone at À20°C and the glycans extracted twice from the pellets with 60% (v/v) ice-cold methanol at -20°C. The two extracts were combined and dried. Prior to NMR experiments, the isolated glycans were lyophilized twice from 99.8% methanol-d 4 
NMR spectroscopy
The 1 H NMR spectra were recorded at 10°C or 25°C on a 600 MHz Bruker Avance III NMR spectrometer equipped with a QCI Cryoprobe. One-dimensional (1D) 1 H spectra were recorded with 4 s presaturation of the residual water signal using the 1D NOESY presaturation sequence. Two-dimensional (2D) DQF-COSY and TOCSY spectra were recorded using standard Bruker pulse sequences. In TOCSY, the mixing time used was 80 ms. and the 31 P chemical shifts were referenced to external 85% phosphoric acid (0 ppm).
In silico analysis of the A. gossypii N-glycosylation pathway
The Ashbya Genome Database (http://agd.vital-it.ch) 27 was used to map a set of S. cerevisiae genes involved in the various steps of the N-glycosylation pathway to A. gossypii genes ( Table 1 ). To search for putative A. gossypii genes encoding glycoside hydrolases and glycosyltransferases, with a possible role in N-glycosylation and for which the homolog was absent in S. cerevisiae, the Carbohydrate-Active enZYmes (CAZy) database (www.cazy.org/ e189.html) 28 was used. Prediction of signal peptides or signal anchors on putative proteins was done using SignalP 3.0 (www.cbs.dtu.dk/services/SignalP-3.0/) and MultiLoc2-HighRes (Fungal) (http://www-bs.informatik.uni-tuebingen.de/Services/ MultiLoc2) was used to predict subcellular protein localization.
Results
A. gossypii neutral N-glycan profiles
Neutral and acidic N-glycans derived from A. gossypii secreted proteins were analyzed separately by MALDI-TOF mass spectrometry. Using a mass matching approach, monosaccharide compositions were proposed for different glycan signals and annotated in the mass spectra profiles (Figs. 1 and 2 ).
In the positive-ion mode mass spectra of the neutral N-glycans ( Fig. 1) , a series of peaks predominated with mass-to-charge ratio (m/z) values that correlated with the [M+Na] + adduct ions of highmannose type N-glycans ranging in size from H4N2 to H18N2. The high-mannose type N-glycans with composition H8N2, H9N2, and H10N2 were enriched in all of the neutral N-glycan pools, and only minor relative amounts of N-glycans containing more than 11 hexoses were detected. N-Glycans containing 7 hexoses (H7N2) were also enriched in the neutral N-glycan pools during exponential growth in complex rich medium (Fig. 1B) , decreasing during stationary phase ( Fig. 1D and F) . In agreement with these results, chemical shifts typical of a mixture of high-mannose type N-glycan structures with an average of nine mannoses per molecule were observed by 1 H NMR spectroscopy of the total pool of unfractionated N-glycans (Fig. 3, Table 2 ).
As is evident from Figure 1 , the size distribution and relative amounts of neutral N-glycans were generally similar during cultivation in both defined minimal and complex rich medium, although a higher amount of small (H4N2 to H7N2) and high (H16N2 to H18N2) molecular weight glycan structures was observed when complex medium was used. In minimal medium, three pseudomolar ion signals observed at m/z 1241.3, 1386.3, and 1531.2 were among the most abundant signals observed during exponential growth (Fig. 1A ). Of these, only the signal at m/z 1241.3 corresponded to the molecular weight of a known N-glycan, with the monosaccharide composition H4N2F1. However, no evidence was obtained from our NMR data for the presence of fucosylated N-glycans in A. gossypii (see Section 3.3), nor were genes putatively encoding for fucosyltransferases found in the A. gossypii genome. The molecular weight of the peak at m/z 1531.2 correlated with a series of ion signals that were observed later in the cultivations at 162 m/z intervals (indicated with arrows in Fig. 1) , which is the molecular weight of a hexose. Considering that these signals did not correspond to known N-glycans nor to contaminants from the media, they are referred to here as unknown polyhexose contaminants.
A. gossypii acidic N-glycan profiles
Acidic N-glycans were only detected when A. gossypii was grown in a defined minimal medium (Fig. 2) , as all ion signals observed in the negative ion mode mass spectra from cultivation in complex rich medium corresponded to known contaminants from the culture medium (not shown).
In minimal medium, a series of peaks predominated in the acidic N-glycan profiles (Fig. 2) at m/z values that correlated with the [MÀH] À adduct ions of monophosphorylated/monosulfated high-mannose type N-glycans ranging in size from P1H5N2 to P1H17N2. Consistent with these results, NMR spectroscopy revealed the presence of mannosylphosporylated N-glycans, but no evidence for the presence of sulfate (see Section 3.3) .
N-Glycans with composition P1H5N2, P1H13N2, P1H14N2, and P1H15N2 were enriched in the acidic N-glycan pools during the stationary phase, while P1H5N2 was also enriched during exponential growth. In general, the major acidic N-glycan structures present during the stationary phase were about five hexose units larger than the major neutral N-glycans.
Similar to what was observed in the neutral N-glycan profiles, the negative ion mode mass spectra from cultivation in defined minimal medium also included a series of peaks at 160 m/z intervals (m/z values indicated with boxes in Fig. 2) , that did not correspond to known contaminant signals from the media, and which were among the major signals detected during the exponential growth. Subunit of the Golgi a1,6-mannosyltransferase complexes M-Pol I and M-Pol II
MNN9 AGL259C
Subunit of the Golgi a1,6-mannosyltransferase complex M-Pol I
VAN1 ABL124W
Subunit of the Golgi a1,6-mannosyltransferase complex M-Pol II
MNN10 AFR454W
MNN11 AEL142W
ANP1 AFR357W
Subunit of the Golgi a1,6-mannosyltransferase complex M-Pol II adduct ions of high-mannose type N-glycans containing two phosphate/sulfate residues and only one N-acetylhexosamine (P2H5N1 to P2H8N1). The m/z values of another series of minor peaks observed at 160 m/z intervals (indicated with arrows in Fig. 2 ) corresponded to diphosphorylated/disulfated N-glycans in the range P2H3N2 to P2H16N2.
Structural analysis of A. gossypii N-glycans by NMR spectroscopy
A mixture of N-glycans concentrated from the supernatant of mycelia grown in defined minimal medium until late stationary phase was analyzed by NMR spectroscopy, which yielded The table shows all of the S. cerevisiae genes involved in the N-glycosylation pathway for which a homolog was identified in the A. gossypii genome. No homolog genes were identified in S. cerevisiae for two putative A. gossypii genes predicted to encode glycoside hydrolases with a possible role in N-glycosylation. These genes are highlighted in bold. Figure 1 . MALDI-TOF mass spectra of neutral N-glycans. N-Glycans were released by PNGase F from A. gossypii glycoproteins present in the supernatants of cultivations in defined minimal medium (A, C, and E) and complex rich medium (B, D, and F) at exponential (A and B), early stationary (C and D), and late stationary (E and F) phases. Glycan species are annotated with proposed monosaccharide compositions derived by mass calculation. H, hexose; N, N-acetylhexosamine; ⁄ , known contaminants from the culture media; , and unknown polyhexose contaminants. substantial data about the most abundant N-glycan structures present. Figure 3B and C show the anomeric region and the methyl signals of the N-acetyl (NAc) groups of the 1D 1 H NMR spectrum obtained, respectively, and Table 2 The signals found at 5.486 and 5.448 ppm were consistent with the presence of a-mannosylphosphate (Man-P) groups.
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31,34 The 31 P decoupled 1 H spectrum (not shown) clearly showed that these signals were affected by the decoupling, confirming that they represented protons at the sites of phosphorylation. The remaining homonuclear coupling constant of these signals was smaller than 3 Hz, confirming that they originate from mannoses. The phosphorylation was further confirmed by a 1 H-31 P HSQC experiment (Fig. 4) , where cross peaks were observed between these proton signals and 31 P atoms resonating at two different frequencies.
However, no cross peaks were detected at these 31 P chemical shifts to any other protons. Therefore, the site of phosphorylation could not be determined. In addition to these two proton signals, a weak signal at 5.416 ppm was also affected by the 31 P decoupling, but was not detected in the HSQC spectrum, probably due to low abundance. In agreement with the MALDI-TOF results, the relative low intensities of the Man-P H-1 signals support the presence of phosphorylated N-glycan structures predominantly containing only one phosphate residue. Figure 2 . MALDI-TOF mass spectra of acidic N-glycans. N-Glycans were released by PNGase F from A. gossypii glycoproteins present in the supernatant of mycelia grown in defined minimal medium at exponential (A), early stationary (B), and late stationary (C) phases. Glycan species are annotated with proposed monosaccharide compositions derived by mass calculation and based on NMR data. H, hexose; N, Nacetylhexosamine; P, phosphate; , glycans containing two phosphate residues; , glycans containing two phosphate residues and only one N-acetylhexosamine; ⁄ , known contaminants from the culture media. Fucose in either a1,3-, a1,4-or a1,6-linkage to GlcNAc residues was also undetectable, by virtue of the absence of fucose methyl groups in the region of the 1.17-1.28 ppm. 29, 35 Nevertheless, due to the low detection limit of NMR, the presence of small amounts of glycan structures containing these or other residues cannot be ruled out.
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Discussion
The data presented in this study represent the first characterization of the N-glycans synthesised by A. gossypii. Here, we demonstrate that A. gossypii secreted proteins carry high-mannose type N-glycan structures in the range Man 4-18 GlcNAc 2 , predominantly with neutral core-type Man [8] [9] [10] GlcNAc 2 N-glycans not terminally capped by a1,3-linked mannose residues. A. gossypii also produces acidic mannosylphosphorylated N-glycan structures that, depending on the growth conditions, can be predominantly longer than the neutral structures (Man [13] [14] PGlcNAc 2 ).
In eukaryotes, the N-glycan biosynthetic pathway begins with the synthesis of the precursor N-glycan Glc 3 Man 9 GlcNAc 2 and its transfer by the oligosaccharyltransferase complex to the amino group of asparagine residues of nascent polypeptides entering the ER. 13 Subsequent trimming of the precursor N-glycan by gluco- N-Glycans smaller than the core Man 8 GlcNAc 2 were also found in A. gossypii, especially when it was grown in complex rich medium. This suggests that trimming of the core Man 8 GlcNAc 2 N-glycan may occur in A. gossypii. Genomic analysis indicated that A. gossypii has a glycosylation machinery very similar to that of S. cerevisiae (Table 1) , but also revealed a putative Golgi-localized a-mannosidase of the glycoside hydrolase family 92 (GH92), encoded by the A. gossypii ADR339C gene, for which there is no homolog in S. cerevisae. The potential role of this putative enzyme on N-glycan trimming in A. gossypii is a matter of further study. In yeast, processing in the Golgi involves the addition of an a1,6-mannose residue by the Och1 protein. This branch is then elongated by the stepwise addition of mainly mannose residues, leading to the formation of small core-type (Man [8] [9] [10] [11] [12] [13] [14] GlcNAc 2 ) or large hypermannosylated mannan-type (Man >15 GlcNAc 2 ) outer chains. 17 Hypermannosylation is not a typical feature of filamentous fungi, 15 although it may occur if Och1 activity is present.
10,42
A. gossypii produced small amounts of N-glycan structures containing more than 15 hexoses (Figs. 1 and 2 ). Moreover, proton signals consistent with the presence of a1,6-mannose extensions from the a1,3-mannose residue of the trimannosyl N,N 0 -diacetylchitobiose core were detected by NMR, indicating that outer chain processing of N-glycans occurred in A. gossypii. Indeed homologs are found in its genome for all S. cerevisiae genes known to be involved in outer chain biosynthesis (Table 1) . However, our results indicate that outer chain processing differs considerably in A. gossypii and in S. cerevisiae, since shorter N-glycans were predominantly produced by A. gossypii when comparing to S. cerevisiae. 33, 37, 43 These were more similar in extent to those produced by nonconventional yeast species such as the methylotrophic species P. pastoris 31, 37, 44 and H.
polymorpha, 38 and the dimorphic yeast Y. lipolytica.
39
S. cerevisiae usually adds terminal a1,3-linked mannoses to its N-glycans through the action of Mnn1p. 17 The A. gossypii gene AFL235W is a nonsyntenic homolog of the S. cerevisiae MNT3 and MNN1 genes, with a higher degree of homology to MNT3 than to MNN1. Both genes encode a1,3-mannosyltransferases in S. cerevisiae, but Mnt3p has only been described as involved in O-glycosylation. 45 In this study, no terminal a1,3-mannose caps were detected in A gossypii N-glycans by NMR. Therefore, given that only the most abundant sugar species can be detected by this technique, extensive a1,3-mannose capping did not occur in A. gossypii.
N-Glycans may be further modified by the addition of acidic phosphate groups in yeast and other fungi. 15, 17 A. gossypii also added phosphate groups to its N-glycans (Figs. 2 and 3) . In S. cerevisiae, 34 P. pastoris, 31 and Trichoderma reesei 46 glycoproteins, Man-P extensions occur on O-6 of Man-B and/or Man-C (in T. reesei only on Man-B) within the N-glycan chain. In this study, two rather strong proton signals with different chemical shifts representing phosphorylation sites were detected by NMR in A. gossypii N-glycans (Fig. 3) , however the site(s) of phosphorylation could not be determined.
The extent of mannosylphosphorylation in P. pastoris 37 and T. reesei 40 depends on culture conditions, including medium composition and pH. In S. cerevisiae, mannosylphosphorylation is related to a cellular stress response, increasing under conditions of high osmolarity and in late exponential and stationary phases of growth. 47, 48 In this study, the culture conditions and cultivation stage also affected the extent of phosphorylation and extension of the A. gossypii N-glycans, highlighting the importance of these factors on the regulation of the N-glycosylation pathway in this fungus. Growth in defined minimal medium resulted in a lower specific growth rate and promoted more N-glycan extension and mannosylphosphorylation than growth in a complex rich medium, especially during the stationary phase, as observed in S. cerevisiae. 47 Similarly, T. reesei prominently mannosylphosphorylated cellobiohydrolase I (CBHI) under minimal growth conditions, but only at low pH. 40 This modification was proposed to be related to a stress response of T. reesei to the low pH conditions of the minimal medium. 40 Here, the culture pH was kept constant at 6 ± 0.1 in all attributed to the action of a GH18 family protein with extracellular ENGase-type activity. 40, 49 Mucor hiemalis also produces an ENGase, but of the GH85 family (Endo M), which catalyzes the release of N-glycans with only one N-acetylglucosamine residue at their reducing end, leaving one N-acetylglucosamine attached to the protein. 50 The A. gossypii AFR597W gene, for which there is no homolog in S. cerevisiae, is predicted to encode a putative intracellular GH85 family ENGase, and we have observed that this gene is transcribed (unpublished data), indicating that it is probably expressed in A. gossypii. Thus, AFR597W is a good candidate ENGase for catalyzing the liberation of N-glycans containing only one N-acetylglucosamine residue and details regarding its functionality warrant further investigation. The N-glycan structures on A. gossypii secreted glycoproteins and the genomic information regarding their biosynthetic pathway indicate that protein glycosylation in A. gossypii is intermediate to that of S. cerevisiae and other filamentous fungi species. A. gossypii possibly trims N-glycans as other filamentous fungi do, although it generally produces yeast-like N-glycan structures slightly longer than those typical of filamentous fungi. Hypermannosylation occurs, but is more limited than in S. cerevisiae. Given these observations, it would be intriguing to elucidate in detail the A. gossypii N-glycosylation pathway and investigate the role of glycosylation in the development of A. gossypii multicellular hyphae.
